T he causative agent of plague is Yersinia pestis, whereas
Yersinia pseudotuberculosis and Yersinia enterocolitica cause gastrointestinal disorders in humans. All three pathogenic species of Yersinia harbor an extrachromosomal plasmid of 70 kb that is essential for Yersinia pathogenicity. This plasmid encodes the genes of a type III secretion system, a sophisticated translocation apparatus highly conserved among a number of Gramnegative pathogenic bacteria (1, 2) . On contact with the host cell, the Yersinia type III secretion system delivers a set of effector proteins termed Yops (Yersinia outer proteins) into the host cell. Six Yop effectors (YopH, YopE, YopJ͞P, YpkA͞YopO, YopT, and YopM) have been identified to date, and they function to attenuate the host immune response during infection (3) (4) (5) . Five of the six Yops have catalytic activities that seem to be essential for their pathogenic functions (6) . YopH, a protein tyrosine phosphatase (7) , inhibits the tyrosine phosphorylation signaling that is essential for the assembly of focal adhesion complexes (8) (9) (10) , resulting in the inhibition of macrophage phagocytosis. YpkA͞YopO (a serine͞threonine kinase) and YopE (a Rho GTPase-activating protein) contribute to the disruption of the host cytoskeleton, also preventing phagocytosis of the pathogen (11) (12) (13) (14) . YopJ blocks proinflammatory cytokine production through disrupting host NFB and mitogen-activated protein kinase kinase signaling (15, 16) . YopJ has been shown to share amino acid sequence identity with the adenovirus cysteine protease. The catalytic triad of YopJ is required for its antiinflammatory functions (16, 17) .
YopT was recently identified as a cytotoxin that causes the disruption of the actin cytoskeleton and results in rounding up of host cells (18) . Disruption of the host cell cytoskeleton by YopT contributes to the antiphagocytic effect of Yersinia (19) . Infection of host cells with a mutant Y. enterocolitica strain secreting only YopT also induces an isoelectric point shift of RhoA (20) , a small GTPase known to regulate the actin cytoskeleton (21) . YopT causes the release of RhoA from cell membranes or artificial vesicles (22) . Additional insights into the function of YopT were obtained from the observation that Rho family GTPases, including RhoA, Rac, and Cdc42, are all known to undergo sequential posttranslational modifications at their C-terminal CaaX box (C, cysteine; a, aliphatic residue; X, any residue) (23) . The CaaX box provides the recognition elements for prenylation of the cysteine, followed by endoprotease removal of the aaX tripeptide and carboxylmethylation of the now terminal prenylated cysteine. These modifications allow for membrane anchorage of the GTPases (23) . We have recently demonstrated that YopT carries out a proteolytic cleavage near the C termini of RhoA͞Rac1͞Cdc42 in vitro and in vivo and that this cleavage results in the removal of the lipid modification from the GTPases and their subsequent membrane detachment (24) . Cleavage of the Rho GTPases by YopT is responsible for the disruption of actin cytoskeleton. The proteolytic activity of YopT is dependent upon the invariant Cys͞His͞Asp residues that are conserved in a novel family of cysteine proteases involved in both animal and plant bacterial pathogenesis (24) . In the present study, we have identified the YopT cleavage site in Rho GTPases using specific radiolabeling experiments, as well as MS. Our analysis suggests that YopT recognizes a sequence of basic amino acids along with the lipid-modified cysteine methyl ester in the C termini of Rho GTPases. Cleavage of the GTPases by YopT removes the geranylgeranyl cysteine methyl ester (GGCM) from the GTPases, irreversibly releasing the GTPases from their membrane attachment.
Materials and Methods
Plasmids and Protein Expression. The YopT gene was amplified by PCR from the Y. pseudotuberculosis virulence plasmid provided by James Bliska (State University of New York, Stony Brook). Mammalian GST-Rho GTPases and GST-HRas fusion proteins were expressed in the pEBG-3X vector, and the template constructs have been described (24) . GST-CLVL, GST-ARRGKKKSGCLVL (C-terminal 13 residues in RhoA), GST-RhoAL63 [K(R)5Q], GST-RhoAL63(V192Y), GST-RhoA L63(L193M), and GST-H-Ras (1-166)-AR-RGKKKSGCLVL expression constructs were generated by a standard PCR cloning strategy. The bacterial GST-RhoA expression plasmid was obtained by inserting the RhoA coding sequence into the pGEX-KG vector via the BamHI͞EcoRI sites (25) . All other constructs used have been previously described (24) . Recombinant GST-YopT protein was expressed and purified as previously described (24) . The protocol for recombinant GST-RhoA expression and purification was essentially the same as that for recombinant GST-YopT except that the Escherichia coli DH5␣ strain was used. Protein concentrations were estimated by Coomassie blue staining of SDS͞PAGE gels using BSA standards. in cysteine-free (Cys labeling) or normal DMEM (Gly labeling) medium for 12 h. Cells were then lysed in 1 ml of buffer containing 10 mM Hepes (pH 7.5), 50 mM NaCl, 1% Triton, 2 mM EDTA, and a protease inhibitor mixture (Roche), and the lysates were subjected to GST-pulldown as described below.
GST-Pulldown Assay, in Vitro Cleavage, and Lipid Extraction. The procedures for these experiments have been described in detail previously (24) . To examine the binding between YopT and RhoA, Flag-tagged catalytically inactive YopT (C139S) constructs were cotransfected with the indicated GST-RhoA constructs, and the proteins were isolated by GST affinity chromatography and separated by SDS͞PAGE. GST pulldowns were then subjected to anti-Flag (Sigma) and anti-GST (Santa Cruz Biotechnology) Western blot analysis. The amount of 3 H-GSTRhoA before or after YopT cleavage was visualized by autoradiography, and the total amount of GST-RhoA was measured by Western blot using anti-RhoA antibody (26C4, Santa Cruz Biotechnology). The lipid cleavage products were isolated by chloroform extraction. The resulting chloroform extracts were subjected to scintillation counting to detect the presence of [ Chemical Synthesis of GGCM. Synthesis of GGCM was accomplished by following a previously described protocol (26) . Briefly, 28.3 mol of geranylgeranyl bromide (American Radiolabeled Chemicals) was reacted with 28.3 mol of cysteine methyl ester (Sigma) for 1.5 h on ice with stirring in a solution containing 84.9 mol of zinc acetate in 1 ml of dimethylformamide͞acetonitrile͞0.025% trifluoroacetic acid [2:1:1 (vol͞vol)]. The solutions were loaded onto preparative silica gel TLC plates (Whatman PF5LK), and the plates were developed in 90% isopropanol. The reaction products were detected with phosphomolybdic acid (Sigma) staining. The silica containing the putative GGCM product was removed and extracted with 6 ml of 2:1 (vol͞vol) chloroform͞MeOH. The solution was dried in a speed vacuum, and the sample was resuspended in isopropanol. The identity of the synthetic GGCM was confirmed by electrospray MS. The same procedure was followed to synthesize and purify 3 H-labeled GGCM except that the reaction scale was lowered to 10 nmol.
TLC Analysis. The chloroform extracts of the YopT cleavage reaction were dried down to Ϸ15-20 l in a speed vacuum. The synthetic GGCM (or the corresponding radiolabel product) was dissolved in isopropanol. The samples were then spotted onto a glass-backed TLC plate (Silica gel 60, 20 ϫ 20 cm, EM Separations Technology, Gibbstown, NJ). The TLC plate was developed in a solvent system consisting of n-propyl alcohol͞ ammonium hydroxide͞H 2 O (60:30:10) as described previously (27) and dried. The YopT cleavage product with MS. Nanoelectrospray tandem MS (MS͞MS) was performed on the chloroform extracts of the YopT cleavage reaction using a Picoview nanospray source (New Objectives, Cambridge, MA) coupled to an LCQ DECA quadrupole ion trap mass spectrometer (ThermoFinnigan, San Jose, CA). The chloroformextracted material was loaded on a 75-m picofrit C18 column that terminated in a 15-m id needle (New Objectives) by direct infusion with a mobile phase consisting of 1% formic acid and 10% acetonitrile in water. The samples were eluted into the mass spectrometer at a flow rate of 200 nl͞min with a mobile phase consisting of 1% formic acid and 50% acetonitrile in water. Conditions for nanoelectrospray were 1.7 kV spray voltage, 38 V capillary voltage, 170°C capillary temperature, and 35% relative collision energy. Mass spectra were acquired using the triple play mode of operation where the most abundant parent ion in full MS mode was selected for high resolution zoom scan analysis and MS͞MS fragmentation to obtain a product ion spectrum.
In Vitro Geranylgeranylation of Recombinant RhoA. To modify RhoA in vitro with a geranylgeranyl group, 10 g of highly purified GST-RhoA was incubated with 2.4 g of rat geranylgeranyl transferase-I (Calbiochem) and 6 Ci of 3 Hgeranylgeranyl pyrophosphate (Amersham Pharmacia) in a buffer containing 50 mM Hepes (pH 7.5), 2 mM DTT, 10 mM MgCl 2 , 0.05 mM ZnCl 2 , and 0.02% Triton X-100. The reaction was carried out at 30°C for 3 h. Aliquots of the reaction were loaded onto an SDS͞PAGE gel, and geranylgeranylation of RhoA was confirmed by autoradiography of the gel. The geranylgeranylated GST-RhoA was then immobilized to glutathione beads and subjected to YopT cleavage following the procedures described above.
Results and Discussion

Identification of the Lipid Cleavage Products and the YopT-Cleavage
Site in RhoA͞Rac1͞Cdc42. We have previously demonstrated that YopT cleaves near the carboxyl termini of Rho family GTPases by following the loss of the radiolabeled prenylated cysteine from the GTPases (24) . To directly assess the proteolytic cleavage site, we used TLC to examine the 3 H-geranylgeranylated cleavage product. In vitro cleavage reactions were performed initially with GST-tagged RhoAL63 (a constitutive GTP-bound form of RhoA) containing the tritium-labeled geranylgeranyl modification. The lipid cleavage product was extracted into chloroform and separated on a TLC plate. As shown in Fig. 1A , a radiolabeled product with the same R f value as the synthetic standard, GGCM, was obtained when wild-type YopT was incubated with GST-RhoAL63 (lanes 1 and 7). In contrast, this product was absent when a protease-deficient YopT mutant protein (C139S) was used (lane 2). Equal amounts of tritiumlabeled GTPase substrates were present in both reactions (data not shown). We were also interested in determining whether YopT cleaves Rac1 and Cdc42 at the same site as that of RhoA. An examination of RhoA, Rac1, and Cdc42 C termini indicates that their sequences diverge upstream of the CaaX box (Fig. 1B) . Thus, if YopT cleaves N-terminal to the lipid-modified Cys in Rac1 and Cdc42, a common product (GGCM) should be produced from each GTPase. In contrast, if cleavage occurs elsewhere in the C terminus, the labeled cleavage product will be generated as di, tri (etc.) peptides, containing the lipid modification, with properties different from the synthetic standard, GGCM. We compared the mobility of the lipid cleavage products from Rac1 and Cdc42 with that of RhoA and the synthetic standard GGCM (Fig. 1 A) . All of the lipid cleavage products have the same R f value as observed for the GGCM synthetic standard. Similar results were obtained using different solvent systems (data not shown). Collectively, these results suggest that YopT cleaves Rho family GTPases (RhoA͞Rac1͞Cdc42) at a common site that is likely located N-terminal to the prenylated cysteine.
To confirm that YopT removes only the prenylated cysteine methyl ester from Rho GTPases, we carried out additional amino acid labeling experiments followed by YopT cleavage. A glycine (Gly-189) residue is located immediately N-terminal to the prenylated cysteine (Fig. 2 A Lower) . This result indicates that the glycine residue adjacent to the prenylated cysteine in RhoA is not present in the lipid cleavage product, suggesting that the cleavage occurs between the Gly-189 and Cys-190 residue of RhoA.
To unambiguously identify the YopT cleavage product, MS͞MS was used to determine its chemical structure. Following the in vitro cleavage assays performed as described above, the chloroform extract was concentrated and prepared for MS analysis. A molecular ion was detected at m͞z 408.7 in the full MS mode. When subjected to MS͞MS analysis, this parent ion produced a fragmentation pattern consistent with that of a GGCM (Fig. 2B Bottom) . The fragment ion at m͞z 391.3 represents loss of NH 3 , whereas the fragment ion at m͞z 135.7 corresponds to the carboxyl-methylated cysteine immonium ion. Also, several product ions corresponding to fragmentation of the geranylgeranyl group were observed. The product ion at m͞z 274.2 represents the full geranylgeranyl group, whereas the mass values at m͞z 137.0 and m͞z 204.3 correspond to fragments of the geranylgeranyl group. The observed fragmentation of the lipid group is very similar to the pattern previously documented for the geranylgeranyl group when analyzed by GS͞MS (28) . To confirm the interpretation of the fragmentation pattern, an authentic sample of the synthetic GGCM was subjected to MS͞MS analysis (Fig. 2B Top) . From comparing the fragmentation patterns of the standard and the chloroform-extractable cleavage product, it is clear that the YopT-induced RhoA cleavage product is identical to the GGCM standard. Collectively, our results unambiguously demonstrate that the site of cleavage in Rho GTPases by Yop T is N-terminal to the geranylgeranyl-modified cysteine residue.
YopT Cleavage Does Not Depend on Rho GTPases Conformation. The conformation of small GTP-binding proteins is regulated by nucleotide cycling, a mechanism that switches a GTPase from an inactive conformation (GDP bound) to an active conformation (GTP bound). A number of bacterial toxins specifically target the GTP-bound form of small GTP-binding proteins (29, 30) . To gain additional insights into how YopT functions, we examined whether YopT prefers the GTP-bound conformation of Rho GTPases as a substrate. Tritium-labeled geranylgeranylmodified RhoAL63 (a constitutive GTP-bound form of RhoA) produced in HEK293T cells was assayed as an in vitro substrate in parallel with RhoAN19 (a nucleotide-free form of RhoA in an inactive conformation). As shown in Fig. 3A, both (31) to lock RhoA in the GTP-bound or GDP-bound conformation, respectively, and used in the YopT in vitro cleavage assay (Fig. 3B) . Both RhoA-GTP and RhoA-GDP were cleaved equally by YopT. Similar results were obtained with Rac1 and Cdc42 (data not shown). Taken together, these results demonstrate that YopT does not distinguish between the conformations of its GTPase substrates, suggesting that the conformation of Rho GTPases is not important for YopT substrate recognition.
The Polybasic Sequence in RhoA Is Essential for YopT Cleavage and
Recognition. RhoA, Rac1, and Cdc42 all harbor a polybasic sequence N-terminal to the CaaX box (Fig. 1B) . To further our understanding of the substrate specificity of YopT, we wanted to determine if the polybasic sequence contributes to the substrate recognition. The five basic residues in the C terminus of RhoA (two arginines and three lysines) were simultaneously mutated to glutamine, and the resulting RhoA mutant, designated RhoA[K(R)5Q], was assayed as a substrate for YopT. As observed in Fig. 4A Left, YopT failed to cleave the 3 Hgeranylgeranyl-labeled GST-RhoAL63[K(R)5Q] when it was coexpressed in HEK293T cells. It has been reported that the polybasic sequences could influence the cellular localization of Rho GTPases (32) . For this reason, we thought that it was important to exclude the possibility that the lack of YopT cleavage of the polybasic RhoA mutant was due to mislocalization. Therefore, we performed the cleavage assay in vitro using the recombinant YopT protein and obtained the same result (Fig. 4A Right) . These results support that the polybasic sequence in RhoA is an important determinant for YopT substrate recognition. We next examined whether the polybasic sequence is indeed required for substrate binding. A GST-pulldown assay using GST-RhoAL63[K(R)5Q] was carried out as previously described (24) . As shown in Fig. 4B , in contrast to RhoA with an intact C terminus (RhoAL63), mutation of the polybasic sequence drastically disrupted the binding between Flag-tagged YopT (C139S) and its substrate GST-RhoA. This result suggests that the C-terminal polybasic sequence is indispensable for YopT binding of RhoA. Collectively, our results point to the importance of both the polybasic sequence and the prenyl modification in playing key roles in the substrate specificity of YopT.
The two YopT recognition elements (polybasic sequence and prenylation) identified reside within the unstructured carboxyl terminus of RhoA. We wanted to determine if these two elements are sufficient for substrate recognition and cleavage by YopT. To examine this question, a GST fusion protein containing either the C-terminal 13 residues (ARRGKKKSGCLVL) or the CLVL sequence of RhoA was produced in HEK293T cells labeled with [ 3 H]mevalonate. It has been established that the C-terminal CaaX motif itself is sufficient for proteins to undergo CaaX-dependent modifications (23, 33) . We observed that both GST-CLVL and GST-ARRGKKKSGCLVL are prenylated in cells as demonstrated by [ 3 H]mevalonate incorporation into the GST fusion proteins (Fig. 4C) . These prenylated GST fusion proteins were then assayed in vitro for cleavage by YopT. As shown in Fig. 4C , CaaX alone did not render the prenylated GST fusion protein susceptible to YopT cleavage, whereas the CaaXmodified GST-ARRGKKKSGCLVL was cleaved by YopT. To further confirm the importance of the polybasic sequence, we replaced the C-terminal unstructured sequence of H-Ras (23 residues) with the RhoA C-terminal 13 residues described above and carried out a YopT cleavage reaction with this chimeric Ras protein. As expected, this modified H-Ras protein was efficiently cleaved by YopT (Fig. 4C) , although YopT fails to cleave the CaaX-modified wild-type H-Ras protein (F.S. and J.E.D., unpublished data). Our results suggest that the C-terminal 13 residues in RhoA are sufficient for YopT recognition and cleavage.
We have previously demonstrated that YopT selectively binds to the prenylated form of Rho GTPases but not the unmodified Rho protein in a GST-pulldown assay (24) . However, under physiological conditions, the prenyl group is buried in the lipid bilayer functioning as the membrane anchor, leading us to question how YopT recognizes the buried lipid anchor. The polybasic sequence recognition provides a plausible explanation. We propose that YopT binding to the polybasic sequence of RhoA could be the initial substrate recognition signal. The binding of the polybasic sequence to the active site region of YopT may allow the protease to shift the position of the lipid anchor from the membrane to a presumed hydrophobic binding pocket at the active site of YopT. The details of the recognition between YopT and its substrate will be more clearly resolved by structural studies. Some of the same features that contribute to the binding of RhoA to YopT seem to be used in the cycling of RhoA on and off the membrane with Rho GDI (34).
Recognition of Prenylated Cysteine Methyl Ester by
YopT. Prenylation can encompass two forms of lipid modification: farnesylation (C15 unit) and geranylgeranylation (C20 unit). The X residue in the CaaX box specifies farnesylation or geranylgeranylation. When the X residue is Leu or Phe, as is the case for Rac, RhoA, and Cdc42, geranylgeranylation takes place (35, 36) . It has been reported that substitution of Leu-193 (the X in RhoA CaaX box) to Met switches RhoA prenylation from geranylgera- nylation to farnesylation (32) . We took advantage of this well characterized mutant (L193M) to examine whether YopT could use the farnesyl-modified RhoA as a substrate. As observed in Fig. 5A , YopT was able to cleave farnesylated RhoA expressed from RhoA L193M as efficiently as geranylgeranylated RhoA when YopT was coexpressed in the cells. Similar results were obtained when the cleavage took place in vitro using recombinant YopT protein (data not shown). Our results suggest that YopT does not distinguish between farnesylation and geranylgeranylation of its substrates.
The steps involved in RhoA posttranslational modification include conjugation of the prenyl group to the cysteine followed by a proteolytical removal of the aaX residues (CaaX protease) and methyl esterification to form a cysteine methyl ester. To test whether partially modified RhoA containing the prenylated cysteine, but an intact aaX sequence, would serve as a substrate for YopT, we modified the bacteria-expressed GST-RhoA protein by incubation of this protein with H-labeled GST-RhoA protein purified from HEK293T cells. As shown in Fig. 5B , the in vitro prenylated RhoA with the additional aaX residues was resistant to YopT cleavage, whereas RhoA containing the cysteine methyl ester was efficiently cleaved by YopT. We also carried out a similar experiment in vivo using a RhoA V192Y mutant. It has been shown that mutation of Val-192 in RhoA to a bulky Tyr residue blocks the removal of the aaX residue by CaaX protease (37, 38) . Therefore, RhoA V192Y functions as an in vivo equivalent to the in vitro modified RhoA noted above. Consistent with the result observed in vitro, the lipid-modified RhoA with an intact aaX sequence resulting from the V192Y mutation was not cleaved by YopT in the cells (Fig. 5C ). We further examined whether the untrimmed aaX sequence actually disrupts substrate binding, thus resulting in the inability of YopT to cleave the unmodified form of RhoA. We carried out a GST-pulldown assay with RhoA V192Y, along with wild-type RhoA and RhoA⌬CaaX, which were used as the positive and negative control, respectively. The results shown in Fig. 5D demonstrated an intermediate binding affinity between YopT (C139S) and RhoA with the aaX sequence (V192Y). We interpret this result to suggest that the aaX sequence following the prenylated cysteine impairs the correct binding between YopT and its GTPase substrate, although it does not completely abolish the substrate binding. Taken together, our results demonstrate that YopT recognizes and cleaves both farnesylated and geranylgeranylated RhoA. The GST-RhoA variants were coexpressed with Flag-tagged YopT C139S in HEK293T cells and purified by GST affinity chromatography. The amounts of GST-RhoA on the glutathione beads and the associated YopT were determined by anti-GST (Lower) and anti-Flag (Upper) Western blot, respectively. RhoA⌬CaaX refers to the CaaX deletion mutant of RhoA and was used as a negative control. (C) YopT cleavage assay with chimeric GST fusion proteins. GST-CLVL and GST-ARRGKKKSGCLVL correspond to fusion proteins consisting of RhoA CaaX box (CLVL) or the last 13 residues in the C terminus of RhoA (ARRGKKKSGCLVL) and the N-terminal GST tag. GST-H-Ras (1-166)-ARRGKKKSGCLVL is a chimeric construct generated by replacing the carboxyl 23-residue sequence in H-Ras with the 13-residue sequence from the C terminus of RhoA. These GST fusion proteins were expressed in HEK293T cells labeled with [ 3 H]mevalonate. The resulting prenylated GST fusion proteins with 3 H-geranylgeranyl labeling were then subjected to YopT cleavage assay as described in the text. methyl ester, or at least the proteolytic removal of the aaX residues, also seems to be important for substrate recognition by YopT. Failure to remove the aaX sequence by the CaaX protease results in a lower binding affinity of this form of RhoA to YopT and an inefficient cleavage of RhoA.
In this study, we have demonstrated that the Yersinia YopT effector functions as a cysteine protease to cleave Rho family GTPases including RhoA, Rac1, and Cdc42. The cleavage occurs at a specific site N-terminal to the carboxyl-prenylated cysteine in Rho GTPases. We have also shown that YopT recognizes both GTP-and GDP-bound forms of Rho GTPases, and cleavage by YopT is not dictated by the prenylation forms of GTPases. In addition, the polybasic sequence in the C terminus of RhoA seems to be essential for YopT recognition. Our data also suggest that a fully modified RhoA containing a cysteine methyl ester is required for highly efficient recognition and cleavage of the RhoA substrate by YopT. 
